ABSTRACT AcidÀbase catalyzed glycosyl donor and then glycosyl acceptor activation with phenylboron difluoride or diphenylboron fluoride permits hydrogen bond mediated intramolecular S N 2-type glycosidation in generally high anomeric selectivity.
Major problems associated with glycoside bond formation have been addressed by the many recent advances in glycoside synthesis. Efficient strategies and powerful methods for accessing complex oligosaccharides and glycoconjugates of biological significance have been developed. 1À5 However, the synthesis of glycosidic linkages is still by no means routine and not comparable to peptide and nucleotide synthesis. Often careful optimization of all parameters including the leaving group, promoter/catalyst, protecting group, and glycosidation conditions is crucial for high yield and high stereoselectivity. Hence, new conceptual approaches to glycosidation are still welcome to meet the intrinsic diversity of carbohydrates.
To overcome some difficulties of intermolecular glycosidations, particularly the demanding anomeric stereocontrol, intramolecular glycosidation has attracted great interest. 6 In this context it is emphasized that O-glycosyl trichloroacetimidates transfer the glycosyl moiety to phosphate esters and related AdBÀCÀH systems without a catalyst highly diastereoselectively. 1a,7 Thus, from the R-glucopyranosyl trichloroacetimidate (Scheme 1, 1R) via an eightmembered cyclic (extended cyclohexane-like) transition state the β-products and vice versa were obtained. Even R-pyridone with a pK a of ∼12, 8 possessing the required AdBÀCÀH geometry (Scheme 1), served as a substrate in this reaction. Hence, it is envisioned that corresponding AÀBÀCÀH type intermediates, reversibly generated from a catalyst BdC (or BtC, B 3 3 3 C) and, for instance, alcohol as acceptor AÀH, should react in the same way.
7 Thus, the anomeric stereocontrol is connected via a concerted intramolecular acceptor transfer to the configuration of the glycosyl donor (Scheme 2).
The ideal catalyst BdC should fulfill the following criteria: (a) very fast and reversible generation of the AÀBÀCÀH adduct with AÀH; (b) increase of the proton acidity of AÀH in the AÀBÀCÀH adduct; (c) no activation (this way eventually leading to decomposition) of the glycosyl donor in the absence of the acceptor AÀH, thus supporting the intramolecular, bimolecular concerted reaction course of the AÀ BÀCÀH adduct; (d) increase of the nucleophilicity of the acceptor hydroxy group to facilitate glycosidation.
Studies along these lines with addition prone carbonyl compounds 7 and recently with electron-deficient imines 9 as catalysts BdC exhibited some success. However, the investigated compounds did not fully meet criteria (a), (c), and (d), thus leading also to undesired product formation. Hence, BÀF bond containing compounds could be suitable for this purpose as the empty orbital at boron readily accepts oxygen containing compounds and the fluorine is known to form strong H-bonds. 10 Thus with alcohols (R 1 À OH) adducts are obtained that do not only provide an acidic proton that is H-bonded to fluorine in nonpolar solvents 10 but also an acceptor that carries an induced partial negative charge.
Thus, a nucleophilicity increase of the acceptor is gained that supports the reaction with the glycosyl donor.
11,12 As this intramolecular acidÀbase catalysis concept for glycosidations is related to the mechanism of glycosyl transfer in enzymatic reactions, 6 proof of principle studies are of great interest. 13 Boron trifluoride as a catalyst for O-glycosyl trichloroacetimidate activation favors, in low polarity solvents at low temperatures, S N 2-type reactions. Yet, the preferential inversion product formation is presumably due to tight ion pair generation prior to reaction with the glycosyl acceptor.
1a,14 Similar results were obtained with glycosyl iodides or with, under acid conditions, in situ generated O-glycosyl triflate intermediates, respectively, that also furnish preferentially inversion products formally based on S N 2-type reactions.
15À17 However, these catalysts for leaving group activation do not fulfill criteria (c) as shown for boron trifluoride and TMSOTf (Table 1 , entries 1 and 2); therefore the desired reaction course is not favored. Hence, for instance, less acidic boron fluoride derivatives are required as catalysts. As the first compound phenylboron difluoride (PhBF 2 ) was selected that could be prepared in pure form.
18 Gratifyingly, this reagent fulfilled the criteria for a good catalyst system as shown in decompose the donor 1r (entry 3); however, fast adduct formation with isopropanol could be observed by 1 H NMR studies. This adduct reacted readily with 1r
19 at 0°C or even at À78°C to afford essentially (entry 6) or practically exclusively (entry 9) the desired β-glucopyranoside 1A. 20 Comparisons with BF 2 3 OEt 2 and TMSOTf as a catalyst under these conditions (entries 4, 5 and 7, 8) clearly showed that the PhBF 2 3 alcohol adduct is superior in terms of stereocontrol. Comparison studies with alkyl phenylboronates and borate esters as acceptors and HF as a promoter (entry 10) led to similar results. These studies showed that fluorine bound to boron is required for the success of the reaction. As presumed, the transition state in the reaction of 1r with the AÀBÀCÀH adduct is quite sensitive to temperature variations (entries 6 and 9); however, solvents (as for instance acetonitrile, toluene, cyclohexane) had only a minor effect on the results. Due to the fast adduct formation, the use of the inverse procedure (IP, i.e. adding the catalyst to the dissolved acceptor) or the normal procedure (NP, i.e. adding the catalyst to a solution of the acceptor and donor) had only a small effect on the result (not shown). Hence, PhBF 2 as the catalyst in dichloromethane as the solvent at À78°C under IP conditions seems to be a good choice for the synthesis of 1,2-trans glycosides with 1r as the donor. Similar results were a All reactions were carried out in dry CH 2 Cl 2 as solvent using the inverse procedure.
b The β/R ratio was determined with the help of 1 H NMR data; the detection limit for the R-anomers is about 4%.
c About 5% glucosyl fluoride was obtained.
-position; again, mainly the β-glycosides of 3A,
24 4A, and 5A were formed (entries 11, 12, and 13). Even the less reactive fully O-acetylated glucosyl donor 2r
19 could be activated with PhBF 2 in the presence of isopropanol as an acceptor (entry 14) furnishing as expected the β-glucopyranoside 2Aβ (Scheme 3). 25 As PhBF 2 gave mainly excellent glycosidation results at temperatures as low as À78°C, hence also the less Lewis acidic Ph 2 BF was prepared 18 and studied as a catalyst under the same conditions. Entries 15À17 (Table 1) show that this compound also fulfills the criteria for a good catalyst.
Preliminary experiments were also performed with the corresponding O-β-D-glucopyranosyl trichloroacetimidate 1β 1a as a glycosyl donor. With isopropanol (A) as the acceptor there is a clear preference for R-product (1Ar) 26 formation (entry 18). Almost exclusive β-selectivity was observed for allyl alcohol (B) as the acceptor affording mainly 1Br 27 (entry 19). Possibly, some steric hindrance in the transition state leads to lower anomeric selectivity than observed for 1r. Hence, other catalyst types may be required for the selective generation of 1,2-cis-glycosides.
The glycosidation results with glycosyl donors 1r, 3r, 4r, and 5r with more demanding carbohydrate acceptors C, 26 35 and 1H. The reactions did not proceed at the same rate (entry 8); the appearance of some glycosyl fluoride (entries 4, 5, 7) showed that the catalyst is partly consumed, thus leading to a decreased reaction rate that also influenced the product yield. However, no phenyl C-glycoside formation was observed. 36 TMSOTf or BF 3 3 OEt 2 as catalysts did not furnish better results than PhBF 2 , for instance in the formation of 1C or 1H (entries 3 and 9). Preferential 1,2-trans product formation was also observed for glycosyl donors 3rÀ5r (entries 10À15), thus furnishing mainly 3Cβ, 37 3Dβ, 21 4Cβ, 4Dβ, 5Cβ, and 5Fβ. Investigations with Ph 2 BF as the catalyst (entries 16À20, formation of 1C, 1D, 3D, 4C, 5C) exhibited very good glycosidation results. It was particularly pleasing that Ph 2 BF provided in the reactions of 1r with D to 1D (entry 17) and of 3r with D to 3D (entry 18) better results than PhBF 2 (see entries 4 and 11); thus, as expected, the steric effect of the two phenyl groups supports the concerted donor activationÀacceptor transfer. Hence, the choice of catalyst is of great importance in these intramolecular acidÀbase catalyzed glycosidations.
In conclusion, PhBF 2 and Ph 2 BF, formally representing BdC, basically fulfill the requirements for good catalysts for O-glycosyl trichloroacetimidate (and related systems) activation: Not the catalyst itself, but only the adduct AÀBÀCÀH with acceptor AÀH is sufficiently acidic to activate the glycosyl donor. Hence, the catalyst carries the acceptor to the donor generating a temporarily H-bonded noncovalent donor leaving groupÀ catalystÀacceptor complex that permits via an intramolecular reaction course proton transfer to the leaving group and the nucleophilicity increase of the acceptor facilitating the concomitant glycoside bond formation. The results support the prevalence of this concerted S N 2-type mechanism between the glycosyl donor and the AÀBÀCÀH adduct, as preferentially the inversion product is obtained. Competing reaction courses leading to R-product and glycosyl fluoride formation were only effective in some cases. H-bonding as a means for intramolecular acidÀbase catalyzed glycosidation resulting in concomitant glycosyl donor and glycosyl acceptor activation obviously has the potential to become a general and very efficient glycosidation method.
